The existence of massive cryptic diversity in algae makes linking DNA-based lineages to existing taxa exceedingly difficult. A better integration of historical collections into modern taxonomic research is therefore highly desirable. Using the brown algal genus Lobophora as a test case, we explore the feasibility of linking taxonomic names to clades in modern phylogenies. Despite Lobophora being a pantropical genus with probably more than 100 species, traditionally only a handful of species have been recognized. In this study we reevaluated the identity of 17 historical taxa thought to belong to Lobophora by attempting DNA amplification of herbarium material as well as specimens recently collected from the type localities (epitypes). In an attempt to assign them to Molecular Operational Taxonomic Units, the obtained sequences were integrated in a global Lobophora phylogeny based upon data derived from more than 650 specimens. Our results indicate that although five sequences were obtained from type specimens, exclusive reliance on information preserved in type specimens is problematic. Epitype material proved a more 2 successful way forward, but this route often comes with a considerable degree of uncertainty, especially in tropical regions where the extent of sympatry among Lobophora lineages is often considerable. More problematic from a broader perspective is the fact that for 35% of historical taxa, either the type could not be traced or permission was not granted to extract DNA from the types. Such a low accessibility rate may reduce our reliance on type material and jeopardize future efforts to integrate historical taxa into a framework of a modern DNA-based taxonomy.
INTRODUCTION
Molecular systematics has profoundly altered our view of algal diversity. At lower taxonomic levels, DNA sequence data unveiled the existence of massive cryptic or pseudo-cryptic algal diversity (Maggs et al., 2007; De Clerck et al., 2013) , which severely reduced the utility of morphology as the only criterion for species delimitation (Sáez and Lozano, 2005; Cianciola et al., 2010; Leliaert et al., 2014; Verbruggen, 2014) . As a side effect, cryptic diversity also makes linking DNA-delimited species to formally described taxa exceedingly difficult. Saunders and McDevit (2012b) and De Clerck et al. (2013) described a growing tendency in phycology in which formal algal taxonomy is moving to a more informal system whereby clade-, specimen-or strainbased identifiers are used to communicate biological information. A better integration of historical collections into modern taxonomic research is therefore a pressing need (Hind et al., 2014) . Strategies that have been proposed include both generating DNA sequences from type collections and designating epitypes from which sequence data can be readily obtained (Tautz et al., 2003) . Although obviously DNA sequence information from the type specimen itself would be favored, it remains to be evaluated how successful this approach is across a broad range of taxa.
A number of case studies have successfully generated DNA sequences from type material of marine macroalgae (e.g. Hughey et al., 2001; Brodie et al., 2007; Gabrielson, 2008a Gabrielson, , 2008b Hughey and Gabrielson, 2012; Saunders and McDevit, 2012a; Hind et al., 2014; Hughey et al., 2014; Sauvage et al., 2014) . The focus of these studies has been largely to pinpoint the identity of the types of one or a few species only. A more encompassing study, such as establishing the identity of all types of a specific genus, has not yet been attempted. Moreover, most studies have focused on red and green seaweeds, while obtaining DNA of sufficient quality from brown algae is widely regarded as more challenging (Phillips et al., 2001; Varela-Álvarez et al., 2006; McDevit and Saunders, 2009 ).
The brown algal genus Lobophora J.Agardh forms an excellent test case to investigate the feasibility of integrating sequences from type material in algal taxonomy. Lobophora is a morphologically variable genus, ranging from crustose species tightly attached to the substratum, to erect, fan-shaped or dichotomously branched species. The internal structure is composed of three to 25 cell layers. A distinctly larger central layer of the medulla is considered a diagnostic vegetative character for the genus. Recent studies have demonstrated that the genus is far more diverse than traditionally assumed (Sun et al., 2012; Vieira et al., 2014; Schultz et al., 2015; Steen et al., 2015) . For decades three species were recognized, of which L. variegata (J.V.Lamour.) Womersley ex E.C.Oliveira was by far the most commonly reported; the other species being L. dichotoma (Simons) P.C.Silva and L. papenfussii (W.R.Taylor) Farghaly. Even though a number of additional species were recently described based on morphological criteria only (Lobophora indica V.Krishnam. & Baluswami, L. minima V.Krishnam. & Baluswami, and L. rickeri Kraft (Krishnamurthy and Baluswami, 2000; Kraft, 2009) ), the true magnitude of the diversity was uncovered only by the application of DNA sequence data. For example, in a study focusing on the Asian and Australian Lobophora diversity, Sun et al. (2012) recognized nine Molecular Operational Taxonomical Units (MOTUs) of which four were formally described. Subsequently, A total of 300 cox3, 222 rbcL and 190 psbA sequences were newly generated in this study. The datasets were complemented by 278 cox3, 148 rbcL and 90 psbA Lobophora sequences from GenBank (Table S2) . Sequences were aligned using MUSCLE (Edgar, 2004) implemented in eBioX 1.6 beta (Barrio et al., 2009 ; available at http://www.ebioinformatics.org).
Species delimitation. -Since traditional morphology-based species delimitation often yields inaccurate estimates of seaweed diversity (Leliaert et al., 2014) , we defined species exclusively based on DNA sequence data. To do so we applied the Maximum Likelihood implementation of the GMYC model (Pons et al., 2006; Reid and Carstens, 2012) on the cox3 dataset. This approach has previously been applied to define Lobophora species from New Caledonia (Vieira et al., 2014) . Application of the ML-GMYC on cox3 yielded results highly similar to other delimitation methods such as the Bayesian implementation of the GMYC model (Reid & Carstens, 2012) and Automatic Barcode Gap Discovery (Puillandre et al., 2012) for the same marker cox3. In addition, a comparison of species delimitation results based on the mitochondrial cox3 gene with chloroplast-encoded rbcL and psbA genes yielded virtually identical results (Vieira et al., 2014) . GMYC analyses under a single-threshold were conducted in R (R Development Core Team, 2013) using the package "Splits". The cox3 ultrametric tree, used to conduct the GMYC species delineation, was constructed using Bayesian analyses in BEAST v1.8.2 (Drummond et al., 2012) . A GTR + I + substitution model was identified as the best-fitting model for cox3, based on the Akaike Information Criterion (AIC) using jModelTest 2 (Darriba et al., 2012) . BEAST analyses were run under a relaxed molecular clock in combination with a Yule tree prior. Other priors were set to default. In order to check for convergence of the MCMC chains, we performed two independent runs for 10 7 generations each, starting from random trees and sampling every 10 4 generations. MCMC output files of the independent runs were inspected in Tracer 1.5 (Rambaut and Drummond, 2007) for acceptable effective sample sizes (ESS > 200). A burn-in of 25% was applied once log-likelihood values had stabilized. Maximum clade credibility trees and posterior probability for the nodes were calculated using the post-burnin trees using TreeAnnotator 1.8.2 (included in the BEAST package).
Phylogenetic reconstruction. -ML analyses of cox3 (610 bp), psbA (919 bp) and rbcL (1,360 bp) were conducted separately for each gene using RAxML under a GTR+CAT model (RAxML version 8.1. 21; Stamatakis, 2014) . The robustness of the resulting phylogenies was tested using 1,000 replicates of a rapid bootstrap heuristic (Stamatakis, 2006) . No apparent topological conflict was detected in supported nodes between the respective gene trees. We refer to the Supplementary Material for Newick formats of individual gene trees.
A concatenated alignment of the cox3 (610 bp) + psbA (919 bp) + rbcL (1,360 bp). The matrix was 80% filled at the gene level. A selection of Dictyota, Padina and Zonaria species was used as outgroup taxa (Table S1) . A Maximum Likelihood (ML) species tree was generated from the concatenated alignment, partitioned by gene and codon position. ML analyses were conducted using RAxML under a GTR+CAT model (RAxML version 8.1. 21; Stamatakis, 2014) . The robustness of the resulting phylogenies was tested using 1,000 replicates of a rapid bootstrap heuristic (Stamatakis, 2006) .
Sequence similarity searches. -For short sequences obtained from type specimens, sequence similarity searches were performed using BLAST (Altschul et al., 1990 ) against all available Lobophora sequences.
Morphological analyses. -Morphological observations of Lobophora species included analyses of the external and internal morphology of the specimens. External observations consisted in the description of the general appearance, growth form, size and color of the thallus. For the internal morphology, longitudinal and transverse sections were made of the middle portions of the thallus using a portable medical freezing microtome (Labonord®). Alternatively, cross sections by hand were made for some type material and some Caribbean specimens. When possible, a total of 45 measurements were made for each species. Photographs of the sections were taken with a digital camera (Olympus Camedia C-5050 5.0 Megapixel, Tokyo, Japan) attached to a compound microscope (Olympus BH-2, Tokyo, Japan). All available type specimens were examined for generic confirmation and morphologically compared to the new collections.
RESULTS
We identified 17 names that are currently accepted or that have been related at some point in their taxonomic history to Lobophora and for which no molecular data are available ( Sequence similarity and phylogenies. -Affinities of gene sequences from types were assessed using BLAST searches and phylogenetic trees. Results of the BLAST analyses are given in Table  S3 . The GMYC analysis based on the mitochondrial cox3 marker resulted in delimitation of 109 MOTUs (see Vieira et al. in prep. for further details). Phylogenetic analyses of both single gene phylogenies and the concatenated phylogeny corroborated the BLAST results, clustering the types with species with which they had the highest similarity (Fig. 2) 
DISCUSSION
A series of recent papers (Sun et al, 2012; Vieira et al. 2014; Schulz et al. 2015; this study) gradually refined the idea of Lobophora being a species poor genus, with one widespread species, L. variegata. Currently, 21 species of Lobophora are accepted, but the real species diversity is significantly higher. Here, we made an attempt to link the names of 17 taxa, most of them traditionally considered synonyms of L. variegata (Table 1) , to lineages discovered through gene sequencing. We were able to obtain DNA sequence data from five type specimens. For seven species for which no DNA sequences from authentic types material could be obtained, specimens were collected at type localities, from which DNA data was obtained. In line with the study of Schultz et al. (2015), we conclude that L. variegata is most likely restricted to the Caribbean Sea. Schultz et al. (2015) proposed to assign the name L. variegata to specimens identified from Bermuda and St. Croix, a decision based on morphological similarities. In our study, however, these specimens cluster with L. sp39 and not with the sequence generated from the type specimen of L. variegata (Fig. 2) . The latter is resolved in a clade with specimens from the Bahamas, Florida Keys, Grand Cayman, Guadeloupe, Jamaica and St Kitts and Nevis. This information consequently supersedes the epitypification by Schultz et al. (2015) . Our analyses also disclose that L. papenfussii (W.R.Taylor) Farghally, originally described from Bikini Atoll, is a distinct species, closely related to L. densa. Although L. papenfussii somehow resembles the latter in external morphology (Figs. 3G-H, 3Q-R, Kawai (2012) , which was shown to be a complex of at least four MOTUs (Vieira et al., 2014) . The original morphological description of Z. obscura fits the description of L. crassa (Sun et al., 2012; Vieira et al., 2014; Fig. 3AF) , over which it has priority. We propose the resurrection of Z. obscura Dickie and a new combination. In this study we used Lobophora as a case study to investigate how feasible it is to integrate historical collections into modern, largely DNA-based, algal systematics. We aimed to reassess the taxonomic identity of old types associated with the brown algal genus Lobophora and to give to those names a molecular identity. Because of the high species diversity and relatively small number of types, Lobophora was selected as a case study to assess whether or not matching type names to modern day sequences is a feasible and worthy endeavor. The first obstacle in completing this task was the accession of the types and the authorization to perform destructive sampling necessary for molecular and anatomical analyses. We were able to access two-thirds of the types requested. The second obstacle was to obtain sequences from types that are, in our case study, up to 206 years old. Using a PCR-based approach, we were able to amplify short fragments of DNA from five types. Although we could probably have increased our success rate slightly by generating lineage-specific primers, successful molecular results rely heavily on the preservation quality of the type material, which is beyond the control of the investigator. A second strategy consisted of obtaining new collections from type localities and morphological comparisons to perform epitypification, and molecular identification of some types. Finally, by means of molecular analyses of types and epitypes, we were able to reintegrate 11 of the 17 types associated with Lobophora. Unfortunately, four Lobophora types (Zonaria collaris, Stypopodium fissum Kütz., Stypopodium laciniatum Kütz., Zonaria latissima Sond. ex Kütz.) remain of uncertain taxonomic identity. At present, according to the rules of the ICN there is no option to dismiss or reject those taxa.
Great progress has been made in molecular biology and sequencing technology over the last three decades, which in principle allows us to obtain sequences from herbarium specimens. A number of studies, including this one, were at least partially successfully in this endeavor (e.g. Hughey et al., 2001; Brodie et al., 2007; Gabrielson, 2008a Gabrielson, , 2008b Saunders and McDevit, 2012a) . So far such initiatives have not been attempted on a large scale, assessing the feasibility of sequencing all types of certain higher taxon. Although containing a relatively small number of old types only, our work was not entirely successful, despite the time and effort spent. However, our effort appears derisory in comparison with the amount of work that will be required with other algal genera such as Cladophora Kütz., Ceramium Roth, Polysiphonia Grev., Nitzschia Hassall or Scenedesmus Meyen that have hundreds of types, which in the case of microscopic algae are often preserved as microscope slides.
The alternative approach which consists of sequencing specimens collected at type localities evidently yields a significantly higher success rate, but is unfortunately not entirely free of problems. Especially in areas characterized by a high number of sympatric species, considerable uncertainty is often associated with the selection of a specimen which could serve as an epitype. This problem is only confounded by protologues which are often very vague on the morphological characteristics as well as the type locality itself ("Antilles", "Western Australia" In summary, although attempts to match names of old species to contemporary genetic species are great and noble, they are unfortunately not a panacea, leading inescapably to leave some names unconnected to DNA-based species. Instead of ignoring the problem, taxonomists should become conscious of the need to take measures to prevent old species names from becoming ineffective at fulfilling their "unique identifier" function. For this reason, we may consider the possibility of introducing the concept of Lists of Available Names (LAN) in botanical nomenclature, analogous to the provisions of the International Code of Zoological Nomenclature (Art . 79). A LAN, a list of names proposed by a team of taxonomic experts in consultation with the Commission, provides a means to restrict availability of names (Segers et al., 2012) . Since names not included in the LAN are no longer considered, it helps stabilizing nomenclature by removing names that cannot be linked to a taxonomic identity. At present, the ICN code does not offer this possibility, creating a backlog of names that are dragged along with little added value to modern taxonomic research. Especially in groups, such as algae, in which the sheer volume of heterotypic synonyms and names of uncertain affinity, which outnumber the currently accepted species by a factor of 3-5 to 1 (De Clerck et al., 2012) , the adoption of a LAN could be an effective tool to restore the role of taxa as anchors to which biological or other information is attached.
NOMENCLATURAL CHANGES
Based on our analysis of cox3, psbA and rbcL gene sequences we propose the following taxonomic changes and typification. Additional details on the taxonomic history of the taxa are provided in the Supplementary material. Note. -Since we could not obtain sequences from the type of Ralfsia ceylanica and due to cryptic diversity, the type material associated with this name is demonstrably ambigious and cannot be critically identified. It is therefore necessary to select an epitype which is consistent with the original description and material of this name. Note. -Since the holotype of Lobophora rickeri at UNB is not available for DNA sequencing, and due to cryptic diversity, the type material associated with this name is demonstrably ambigious and cannot be critically identified. It is therefore necessary to select an epitype which is consistent with the original description and material of this name. Figure 1 . Distribution of Lobophora with indication of the localities of 17 Lobophora types described prior to 2012 for which no molecular data are available (black circles) and of the sampling localities of recently collected specimens for which molecular data are available (white circles). Type localities of L. variegata and Z. nigrescens, the Caribbean and Western Australia, respectively, are shown in grey because they are only known on a regional level. Photo credits: Courtesy of: (1) Chantal Billard of the J.V.F. Lamouroux Herbarium (CN, France), (2) M. Zubia, (3) the staff of the National Herbarium of Victoria (MEL, Melbourne, Australia), (4) H. Verbruggen,
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